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Follistatin Regulates Enamel Patterning
in Mouse Incisors by Asymmetrically Inhibiting
BMP Signaling and Ameloblast Differentiation
edges of the incisors sharp. The wear of the incisors
is compensated by continuous growth of the incisors
throughout life. A stem cell compartment at the posterior
end of the incisor provides progenitors for the tooth-
specific cells, epithelial ameloblasts and mesenchymal
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all stages of ameloblast differentiation are seen as aFinland
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Switzerland such as matrix metalloproteinase 20 (MMP20; Zeichner-
David et al., 1995; Krebsbach et al., 1996; Hu et al.,
2002). After depositing the full thickness of enamel ma-
trix, about 25% of ameloblasts undergo apoptosis andSummary
the remaining cells shrink in size and regulate enamel
maturation. The ameloblasts and other dental epithelialRodent incisors are covered by enamel only on their
labial side. This asymmetric distribution of enamel is cells form a thin layer of epithelium covering and pro-
tecting the enamel until the eruption of the toothinstrumental to making the cutting edge sharp. Enamel
matrix is secreted by ameloblasts derived from dental (Smith, 1998).
While the molecular mechanisms orchestrating toothepithelium. Here we show that overexpression of fol-
listatin in the dental epithelium inhibits ameloblast dif- morphogenesis have been elucidated in great detail
(Thesleff and Mikkola, 2002), the molecules regulatingferentiation in transgenic mouse incisors, whereas in
follistatin knockout mice, ameloblasts differentiate dental cell differentiation, in particular ameloblast differ-
entiation, are poorly known. The terminal differentiationectopically on the lingual enamel-free surface. Consis-
tent with this, in wild-type mice, follistatin was continu- of ameloblasts starts during the advanced bell stage
of tooth morphogenesis and is regulated by reciprocalously expressed in the lingual dental epithelium but
downregulated in the labial epithelium. Experiments interactions between the epithelium and mesenchyme
(Thesleff and Hurmerinta, 1981). Signals from the dentalon cultured tooth explants indicated that follistatin in-
hibits the ameloblast-inducing activity of BMP4 from epithelium first induce the differentiation of underlying
mesenchymal cells into odontoblasts. Odontoblasts de-the underlying mesenchymal odontoblasts and that
follistatin expression is induced by activin from the posit dentin matrix and signal back to the epithelium,
triggering the terminal differentiation of ameloblasts.surrounding dental follicle. Hence, ameloblast differ-
entiation is regulated by antagonistic actions of BMP4 Previous work has shown that ameloblast differentiation
requires the presence of functional odontoblasts and/orand activin A from two mesenchymal cell layers flank-
ing the dental epithelium, and asymmetrically ex- predentin-dentin matrix (Karcher-Djuricic et al., 1985;
pressed follistatin regulates the labial-lingual pat- Zeichner-David et al., 1995). Transforming growth factor
terning of enamel formation.  (TGF) superfamily members BMP2 and TGF1, se-
creted by odontoblasts and perhaps also trapped in the
Introduction predentin-dentin matrix, are able to induce ameloblast
differentiation in vitro, but whether they act as inducers
Dental enamel is the most highly mineralized tissue in in vivo is not known (Coin et al., 1999).
vertebrates. It covers the softer, bone-like dentin in most The differentiation of ameloblasts correlates with
teeth. However, in rodent incisors, enamel forms exclu- odontoblasts, and both start at the tips of the tooth
sively on the labial surface, and their enamel-free lingual cusps. Earlier studies have approached the mechanisms
surface is thought to be analogous to the roots of other of asymmetric enamel formation in rodent incisors by
teeth (Amar et al., 1986, 1989; Tummers and Thesleff, heterotypic recombination of dental epithelium and
2003). The labial-lingual asymmetry in the distribution of mesenchyme from the labial (enamel-covered) and lin-
enamel is functionally important since it keeps the cutting gual (enamel-free) sides of mouse incisor germs. The
results showed that both labial and lingual dental mes-
enchyme induced ameloblast differentiation in labial*Correspondence: irma.thesleff@helsinki.fi
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knockout mice die shortly after birth with defects in
muscles, skeleton, whiskers, and secondary palate (Mat-
zuk et al., 1995b).
To investigate the role of follistatin during tooth devel-
opment, we analyzed the tooth phenotypes of follistatin
knockout mice and of transgenic mice overexpressing
follistatin under the keratin 14 promoter (K14-follistatin;
Wankell et al., 2001), which directs gene expression to
the epidermis, dental epithelia, and ameloblasts (Musto-
nen et al., 2003; Millar et al., 2003). We found that asym-
metric expression of follistatin accounts for the labial-
lingual patterning of enamel formation in mouse incisors.
In wild-type mice, follistatin transcripts were downregu-
lated in the differentiating and secretory ameloblasts
but were continuously expressed in the dental epithe-
lium lining the enamel-free areas in the incisors and
molars. Overexpression of follistatin in the dental epithe-
lium inhibited ameloblast differentiation in the incisors,
whereas in follistatin knockout mice, functional amelo-
blasts differentiated on the normally enamel-free lingual
surface, indicating that in the absence of follistatin the
lingual dental epithelium had retained the competence
for ameloblast differentiation and that follistatin is es-
sential for enamel-free area formation in the mouse
teeth. Gene expression pattern analysis and in vitro
bead experiments indicated that follistatin acts locally
in the dental epithelium and prevents ameloblast differ-
Figure 1. Schematic Representation of Mouse Incisor Development entiation by antagonizing the inductive effect of BMPs,
Top: The shape of the tooth results from growth and morphogenesis in particular BMP4, from the underlying odontoblasts.
of the dental epithelium and is regulated by interactions between The expression of follistatin was shown to be induced
the epithelium and mesenchyme. The dental mesenchyme diverges by activin A from the overlying mesenchymal follicle
into two lineages, the papilla and the follicle. Middle: During the late
cells. Thus, a balance between two TGF superfamilybell stage, the papilla mesenchymal cells that contact the epithelium
signals, BMP4 and activin A, is required for proper amelo-give rise to a single layer of odontoblasts secreting the dentin matrix.
blast differentiation, and follistatin integrates these ef-The epithelial cells adjacent to odontoblasts and dentin differentiate
into tall, polarized ameloblasts only on the labial side and produce fects.
enamel matrix. On the lingual side, the odontoblasts differentiate
and produce dentin, but the epithelial cells do not differentiate into
Resultsameloblasts, resulting in labial-lingual asymmetry in enamel forma-
tion. The dental follicle surrounds the epithelial enamel organ and
Follistatin Inhibits Ameloblast Differentiationlater forms the periodontal ligament attaching the tooth to the jaw-
bone. Bottom: In the erupting tooth, the enamel covers exclusively and Is Responsible for the Formation
the labial surface, while dentin is present on both labial and lin- of Enamel-free Area in Mouse Incisors
gual sides. We first analyzed the incisor phenotype of 1-month-old
heterozygous K14-follistatin mice. Their incisors showed
defects of varying severity. In some individuals, the inci-dental epithelium, but neither of them could induce ame-
loblasts in lingual dental epithelium. It was concluded sors appeared grossly normal and their yellow-brown
color resembled the wild-type mice (Figures 2A and 2Cthat the lingual dental epithelium had lost the compe-
tence to differentiate into ameloblasts, while the lingual and data not shown). In some transgenic mice, which
appeared smaller than other littermates, the incisorsdental mesenchyme still possessed ameloblast-induc-
ing activity (Amar et al., 1986, 1989). Mouse molars also were chalky white, and the upper incisors were either
broken or overgrown and reached the palate, whereasexhibit enamel-free areas on their occlusal surfaces.
The molecular mechanisms regulating the labial-lingual the lower incisors were severely worn (Figures 2B and
2D). In this study, we focused on the severe phenotypes.asymmetry of ameloblast differentiation and the enamel-
free area formation have remained unknown. These mice normally died within 1 month after birth.
Undecalcified ground sections of the lower incisors re-Follistatin is a soluble extracellular inhibitor of TGF
superfamily signals, including activin, BMP2, BMP4, vealed a thick layer of enamel on the labial surface of
wild-type incisors (Figure 2E), while in K14-follistatinBMP7, GDF8/myostatin, GDF9/BMP15, and GDF11/
BMP11, but not TGF1 (Nakamura et al., 1990; Iemura mice the enamel layer was totally absent, even in the
region inside the bone (Figure 2F). This indicated thatet al., 1998; Balemans and Van Hul, 2002). Recent work
has shown that follistatin plays significant roles during the enamel defect in K14-follistatin mice was due to
defects in ameloblast differentiation or function, but notembryogenesis, such as patterning of the brainstem and
regulation of the development of hair follicles, feather due to defects in enamel mineralization.
Sagittal paraffin sections of incisors of newborn wild-buds, and kidney (Jhaveri et al., 1998; Nakamura et al.,
2003; Patel et al., 1999; Maeshima et al., 2001). Follistatin type mice showed the presence of polarized functional
Follistatin and Patterning of Enamel Formation
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Figure 2. Follistatin Inhibits Ameloblast Dif-
ferentiation and Is Responsible for the
Enamel-free Area Formation in Mouse In-
cisors
(A–F) Skeletal preparations of 1-month-old
mice.
(A and C) In 1-month-old wild-type mice, up-
per and lower incisors have fully erupted and
exhibit yellow-brown color at the labial
surface.
(B and D) The incisors of K14-follistatin trans-
genic mice are chalky white. One upper inci-
sor has broken and the remaining one has
overgrown and reached the palate (B). The
lower incisors are severely worn (D).
(E and F) Sagittal ground sections of lower
incisors show a thick layer of enamel on the
labial surface in wild-type incisor and ab-
sence of enamel in the transgenic incisor.
(G–O) Histology of newborn mouse lower inci-
sors in sagittal paraffin sections. In wild-type
mouse incisors, functional ameloblasts se-
creting enamel matrix are present only on the
labial surface.
(G, J, arrow in M) The lingual surface is cov-
ered by a thin layer of dental epithelium.
(H, K, and N) In K14-follistatin mouse incisors,
ameloblast differentiation is inhibited on the
labial side, and the labial surface appears
similar to the lingual surface.
(I, L, and O) In follistatin knockout mouse,
functional ameloblasts and a thin layer of
enamel matrix are seen on the lingual surface
of the incisor. Arrow in (O) points to the ec-
topic ameloblasts and asterisk to the ectopic
enamel matrix on the lingual surface.
(J)–(L) are higher magnifications of (G)–(I).
(M)–(O) are higher magnifications of the lin-
gual surfaces in (J)–(L). E, enamel; D, dentin;
Am, ameloblasts; Od, odontoblasts; Lab, la-
bial side; Lin, lingual side. Scale bars equal
300 m in (G)–(L) and 130 m in (M)–(O).
ameloblasts and enamel matrix exclusively on the labial was not quite as regularly organized as that on the labial
side, suggesting that the function of follistatin in thesurface, whereas the lingual surface was covered only
by a thin layer of nonpolarized epithelial cells (Figures lingual dental epithelium may have been partly compen-
sated by other molecules.2G, 2J, and 2M). In K14-follistatin mice, ameloblast dif-
ferentiation had been prevented on the labial surface, To confirm the identity of the dental epithelial cells
in the K14-follistatin transgenic and follistatin knockoutwhich now appeared morphologically similar to the lin-
gual surface (Figures 2H, 2K, and 2N). Odontoblasts mice, we analyzed the expression of some marker mole-
cules by radioactive in situ hybridization and immuno-and predentin were localized on both labial and lingual
surfaces similarly as in the wild-type incisors. histochemistry. Terminal differentiation of ameloblasts
implies withdrawal from the cell cycle, cell elongationWe next analyzed the incisor phenotype in the new-
born follistatin null mutant mice. Surprisingly, we ob- and polarization, and synthesis of enamel matrix compo-
nents (Coin et al., 1999). p21 is a cyclin-dependent ki-served a layer of well-polarized cells, which had morpho-
logical characteristics of functional ameloblasts on the nase inhibitor associated with the exit from cell cycle
and is expressed in postmitotic mesenchymal and epi-lingual surface of their incisors (Figures 2I, 2L, and 2O).
Immunostaining with pan-keratin antibodies indicated thelial cells differentiating into odontoblasts and amelo-
blasts, respectively (Bloch-Zupan et al., 1998). p21 wasthat these ameloblasts were lined by a few layers of
epithelial cells that appeared morphologically similar to expressed in wild-type incisors at embryonic day 16
(E16) in the preodontoblasts and odontoblasts both labi-the corresponding cells on the labial side (data not
shown). In some sections, the lingual ameloblasts had ally and lingually and in the preameloblasts labially but
not lingually (Figure 3A). In follistatin null mutant incisors,even secreted a thin layer of extracellular material re-
sembling enamel matrix (Figure 2O). Lingual amelo- p21 was expressed in the dental epithelium also on the
lingual side (Figure 3B), indicating that the cells hadblasts were seen in both upper (data not shown) and
lower incisors in all 39 follistatin knockout heads exam- left the cell cycle and apparently were differentiating
into ameloblasts.ined. However, the ameloblast layer on the lingual side
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Figure 3. Gene Expression Analysis of Ame-
loblast Differentiation
In situ hybridization (A–E, I–Q) and immuno-
histochemistry (F–H).





(L–N) matrix metalloproteinase 20 (MMP20).
(O–Q) dentin sialophosphoprotein (DSPP).
All genes are expressed in wild-type incisors
in the labial but not in lingual dental epithe-
lium. In K14-follistatin mice, all genes are
downregulated in the labial epithelium, while
they are expressed on both labial and lingual
epithelia in follistatin-deficient mice. The ex-
pression of p21 can be detected on the lin-
gual epithelium of follistatin null mutant inci-
sors already at E16 (B).
Scale bars equal 300 m in (A)–(E) and (I)–(Q)
and 130 m in (F)–(H).
Amelogenin is the main structural protein of enamel both morphological and molecular analysis of the gain-
of-function and loss-of-function phenotypes indicatedmatrix and is secreted by functional ameloblasts,
whereas ameloblastin, which is also a component of that follistatin inhibits ameloblast differentiation and is
responsible for the enamel-free area formation in mouseenamel matrix, is expressed transiently in odontoblasts
as well (Zeichner-David et al., 1995; Paine et al., 2003). incisors.
MMP20 is a proteolytic enzyme expressed in preamelo-
blasts, ameloblasts, and odontoblasts and is required
for amelogenin degradation and enamel maturation (Hu Comparison of the Expression Pattern
of follistatin, activin A, Bmp2, Bmp4,et al., 2002; Caterina et al., 2002). Dentin sialophospho-
protein (DSPP) is expressed in odontoblasts and newly and Bmp7 during Incisor Development
Follistatin is an extracellular glycoprotein and acts bydifferentiated ameloblasts (Begue-Kirn et al., 1998). In
newborn wild-type mouse incisors, p21, amelogenin, antagonizing the activities of TGF superfamily signals
(Balemans and Van Hul, 2002). In order to identify theameloblastin, and MMP20 were all intensely expressed
in the ameloblasts on the labial surface (Figures 3C, signals that follistatin antagonizes during ameloblast dif-
ferentiation, we analyzed and compared the expression3F, 3I, and 3L). DSPP was expressed only during the
presecretory stage and was absent in the secretory patterns of follistatin with its binding partners, activin
A, Bmp2, Bmp4, and Bmp7, during wild-type incisorameloblasts in the anterior region (Figure 3O). In K14-
follistatin mice, all these molecules were downregulated development. Of several activin  subunits present in
mammals, we focused on the activinA subunit becausein the labial side dental epithelium (Figures 3D, 3G, 3J,
3M, and 3P), whereas in follistatin-deficient mice they activin A, a homodimer of two A subunits is known
to be expressed in the dental mesenchyme, and thewere expressed intensely in both labial and lingual den-
tal epithelium (Figures 3E, 3H, 3K, 3N, and 3Q). Notably, development of incisors and mandibular molars is ar-
rested at the bud stage in activin A knockout micein follistatin null mutant incisors, DSPP expression was
absent from the anteriorly located ameloblasts on the (Ferguson et al., 1998). Activin B knockout mice have
only eyelid and reproductive defects. ActivinA/B dou-lingual surface, indicating that they had reached a func-
tional secretory stage (Figure 3Q). These results con- ble knockouts have a combination of the defects in both
single mutants, but no additional defects, and their toothfirmed that ameloblast differentiation was prevented in
K14-follistatin mice and that functional ameloblasts had phenotype is similar to that of activin A knockouts,
suggesting that there is no functional redundancy be-differentiated on the lingual surface of follistatin null
mutant incisors. The differentiation of odontoblasts was tween activin A and B during embryogenesis or in
the tooth (Matzuk et al., 1995a; Ferguson et al., 1998).not affected in the two mouse lines, as indicated by the
normal expression of p21, ameloblastin, MMP20, DSPP, Little is known about the contribution of the other 
subunits to embryogenesis.and type I collagen (data not shown). Taken together,
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Figure 4. Expression Patterns of follistatin, activin A, Bmp2, Bmp4, and Bmp7 in E16 and E18 Wild-Type Mouse Incisors
In situ hybridization analysis of follistatin (A and B), activin A (D and E), Bmp2 (F and G), Bmp4 (H and I), and Bmp7 (J and K).
(A) At E16, follistatin is expressed in the dental epithelium.
(B) By E18, it is downregulated on the labial side in differentiating and secretory ameloblasts, but intensely upregulated in transitional stage
ameloblasts in the anterior region (arrowhead). The lingual-side dental epithelium continues to express follistatin (B and B).
(C) Follistatin is expressed intensely in the dental epithelium in enamel-free areas of postnatal day 4 (PN4) molars (arrowheads).
(D and E) At E16 and E18, activin A is mainly expressed in the dental follicle.
(F, H, and J) Bmp2, Bmp4, and Bmp7 are expressed in the dental papilla mesenchyme at E16.
(G, I, and K) At E18, these genes are expressed in both odontoblasts and ameloblasts (arrows) on the labial side. Only Bmp4 is expressed in
the odontoblasts on lingual side (I and I).
(B), (E), (G), (I), and (K) are higher magnifications of the boxes on lingual side in (B), (E), (G), (I), and (K). Lab, labial; Lin, lingual; Am, (C)
Follistatin is expressed intensely in the dental epithelium in enamel-free areas of postnatal day 4 (PN4) molars (arrowheads).
(G), (I), and (K).
Follistatin was expressed at E16 in the dental epithe- under the lingual epithelium. In addition, Bmp4 was ex-
pressed labially in the mesenchyme around the posteriorlium on both labial and lingual surfaces, but some differ-
entiating ameloblasts on the labial side were devoid of dental epithelium (cervical loop) (Figure 4H). By E18,
Bmp2, Bmp4, and Bmp7 were all expressed in the odon-follistatin signals (Figure 4A). By E18, the labial-lingual
asymmetry of follistatin expression became progres- toblasts on the labial side, but again, only Bmp4 was
expressed also lingually (Figures 4G, 4G, 4I, 4I, 4K,sively evident. Follistatin was downregulated in most
parts of the ameloblast layer on the labial surface, but and 4K). Intense Bmp4 and moderate Bmp7 expression
was also seen in the secretory stage ameloblasts on thein the anterior region where postsecretory ameloblasts
started to enter the transitional stage for maturation, it labial side. The coexpression of follistatin with Bmp4
and Bmp7 in the fully matured ameloblasts may indicatewas again intensely upregulated (Figures 4B and 4B).
The lingual dental epithelium continued to express fol- a role of follistatin in the modulation of the action of
BMPs to induce apoptosis in these cells (M. MacDou-listatin intensely. Follistatin was also expressed very
intensely in postnatal day 4 (PN4) mouse molars in the gall, personal communication). The intense expression
of Bmp4 in the dental mesenchyme underlying differ-dental epithelium, corresponding to the enamel-free ar-
eas at the cusp tips (Figure 4C). The specific temporal entiating epithelial cells in all locations suggests that
BMP4 is the major BMP regulating ameloblast differenti-and spatial expression patterns of follistatin, together
with the incisor phenotypes in K14-follistatin and fol- ation. Moreover, in the lingual enamel-free area, Bmp4
expression corresponded closely to the expression oflistatin knockout mice, suggested that follistatin acts on
the dental epithelium and prevents its differentiation follistatin in the adjacent epithelium (Figures 4B and
4I), suggesting that follistatin prevents ameloblast dif-into ameloblasts.
Activin A was intensely expressed at E16 in the den- ferentiation by antagonizing the inducing activity of
odontoblast-derived BMP4.tal follicle surrounding the incisor epithelium. Some tran-
scripts were seen in the dental epithelium and mesen-
chyme near the cervical loop region (Figure 4D). Bmp2, BMPs Are Potent Inducers
of Ameloblast DifferentiationBmp4, and Bmp7 transcripts were all localized in the
dental papilla mesenchyme at E16 (Figures 4F, 4H, and Previous work has shown that BMP2 and TGF1 can
induce ameloblast differentiation in vitro (Coin et al.,4J). However, only Bmp4 was expressed intensely also
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6/6; BMP4, 16/16; BMP7, 4/6). Vibratome sections
showed that the induced ameloblastin was in the epithe-
lium (Figures 6D and 6F and data not shown). Activin
A did not induce ameloblastin around the beads in either
E15 or E16 incisors, but the endogenous expression
was upregulated in the more advanced epithelium ante-
riorly at E15 and labially at E16 (Figures 6A and 6B; E15,
11/13; E16, 8/9). No induction was seen around the BSA
beads, and the endogenous ameloblastin expression
was weaker than in the explants exposed to activin A
(Figures 6G, 6H, and 6H; E15, 0/15; E16, 0/13). To con-
firm the role of BMPs in ameloblast differentiation, the
explants were exposed to noggin, a strong extracellular
inhibitor of BMP signals (Zimmerman et al., 1996). After
1 day in vitro, endogenous ameloblastin expression was
markedly downregulated (Figures 6I–6K; E15, 4/4; E16,
2/2; compare to Figures 6G and 6H, BSA control ex-
plants). These results supported the conclusion that
BMPs are the main inducers of ameloblast differentia-
tion in vivo. Since noggin is not expressed in the devel-
oping teeth of wild-type mice (data not shown) and the
rescue of lingual enamel formation in follistatin knockout
incisors was not complete, there are apparently some
other BMP inhibitor(s) that act redundantly with fol-
listatin on the lingual dental epithelium and prevent ame-
loblast differentiation in vivo.
To gain more direct evidence for the inhibitory role
of follistatin, we introduced follistatin-releasing beads
Figure 5. BMPs Induce p21 Expression in the Incisors together with BMP4 beads on the incisor explants. Fol-
E15 lower incisors cultured in vitro for 1 day. (A)–(D) are vibratome listatin inhibited significantly the BMP4-induced ame-
sections of (A)–(D). loblastin expression (Figure 6L; E15, 5/5, compare to
(B–C) BMP2- and BMP4-releasing beads induced intense p21 ex- Figure 6C). BMP4 beads were placed also on incisorspression in the dental epithelium.
dissected from K14-follistatin mouse embryos. No ame-(A, A) Activin A-releasing beads stimulated p21 weakly and the
loblastin induction was detected in 5 out of 13 explantsexpression was confined to cells that already expressed p21 endog-
enously. (Figure 6M; E15). In the other explants, ameloblastin
(D, D) The explants with BSA control beads showed endogenous induction by BMP4 was reduced to different degrees,
expression of p21 in the dental epithelium. The weak staining in the which was probably due to varying levels of transgene
dental mesenchyme was due to limited penetration of the probes.
expression in the embryos. These findings further sup-
ported the conclusion that follistatin prevents ame-
loblast differentiation by antagonizing the activity of
BMPs in vivo.1999). Since follistatin binds activin as well as BMP2,
BMP4, and BMP7, but not TGF1 (Nakamura et al., 1990;
Iemura et al., 1998), we decided to investigate the roles
Follistatin Expression Is Induced by Activin Aof activin A as well as BMP2, BMP4, and BMP7 on
but Not by BMPs in the Dental Epitheliumameloblast differentiation in the mouse incisors. The
Previous work had shown that activin A induces fol-proteins were introduced by beads on E15 incisors
listatin expression in molar epithelium during tooth initia-in vitro for 24 hr. BMP2, BMP4, and BMP7 all induced
tion (Ferguson et al., 1998) but also that BMPs mayintense expression of p21 (Figures 5B and 5C and data
induce follistatin (Patel et al., 1999). We examined thenot shown; numbers of positive induction/total explants:
effects of activin A and BMPs on follistatin expression inBMP2, 8/8; BMP4, 3/3; BMP7, 3/4). Vibratome sections
cultured E15 and E16 incisors. Activin A induced intensethrough the explants showed that p21 was induced in
follistatin expression around the beads, and vibratomethe dental epithelium (Figures 5B and 5C and data not
sections showed that follistatin transcripts were indeedshown). Activin A-releasing beads had a weak stimula-
in the dental epithelium (Figure 7A, a, b, and b; E15,tory effect on the anterior cells that expressed p21 en-
8/8; E16, 9/9). No induction was seen around the BSAdogenously, but the expression was not around the
control beads (Figure 7A, c, d, and d; E15,: 0/6; E16,beads (Figures 5A and 5A; 4/4). There was no induction
0/6). Beads releasing BMP4 (E15, 0/5; E16, 0/3), BMP2around the control BSA beads, and the endogenous p21
(E15, 0/6; E16, 0/3), and BMP7 (E15, 0/3; E16, 0/3) didexpression in the more advanced anterior region was
not induce follistatin expression (Figure 7A, e and f, andslightly weaker than in the activin A-exposed explants
data not shown). These results, together with the gene(Figures 5D and 5D; 0/8).
expression patterns in the developing incisors, sug-BMP2, BMP4, and BMP7 also induced intense ame-
gested that activin from the dental follicle induces fol-loblastin expression (Figures 6C–6F and data not shown;
E15: BMP2, 6/7; BMP4, 17/17; BMP7, 8/10; E16: BMP2, listatin expression in the dental epithelium.
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Figure 6. BMPs Induce Ameloblast Differen-
tiation
Whole-mount in situ hybridization analysis of
ameloblastin expression in E15 (A, C, E, G, I,
L, and M) and E16 (B, D, F, H, and J) incisors
cultured with protein-releasing beads for 1
day. (D)–(H) are vibratome sections of
(D)–(H).
(A and B) Activin A stimulated only endoge-
nous ameloblastin expression.
(C–F, D, F) BMP4 and BMP7 induced intense
ameloblastin expression in the dental epi-
thelium.
(G, H, H) Some endogenous ameloblastin
was seen in explants with BSA beads.
(I–K) Noggin-releasing beads downregulated
endogenous ameloblastin expression.
(L) Introduction of follistatin-releasing beads
(white) with the BMP4 beads (blue) inhibited
the induction of ameloblastin.
(M) The induction of ameloblastin by BMP4
was also impaired in K14-follistatin incisor ex-
plants. Lab, labial; Lin, lingual; A, anterior;
P, posterior.
Discussion indicated that follistatin negatively regulates ameloblast
differentiation in vivo. Consistent with this, in wild-type
mice, downregulation of follistatin expression was tem-Asymmetric follistatin Expression Accounts
for the Labial-Lingual Patterning of Ameloblast porally and spatially associated with the differentiation
of ameloblasts in labial-side dental epithelium, whereasDifferentiation and Enamel Formation
in Mouse Incisors continued expression of follistatin in lingual-side epithe-
lium correlated with the lack of ameloblasts and enamel.In this study, we have unravelled a molecular mechanism
for the patterning of enamel formation in the mouse Hence, both overexpression and loss-of-function of fol-
listatin resulted in the loss of asymmetry in ameloblastincisors. We show that the specific character of mouse
incisors (i.e., the enamel covers only the labial surface differentiation and enamel formation, indicating that fol-
listatin is required for the labial-lingual patterning ofwhereas the lingual side remains enamel-free) results
from the asymmetric expression of follistatin inhibiting mouse incisors.
Since the only known function of follistatin is the inhi-ameloblast differentiation lingually. In follistatin knock-
out mice, functional ameloblasts differentiated ectopi- bition of TGF superfamily proteins, and also based on
the fact that terminal differentiation of ameloblasts iscally on the lingual surface of the incisors. Conversely,
overexpression of follistatin in the dental epithelium by induced by signals from odontoblasts (Thesleff and
Hurmerinta, 1981), we proposed that follistatin antago-using the K14-promoter in transgenic mice resulted in
the inhibition of ameloblast differentiation and failure nizes the ameloblast-inducing actions of odontoblast-
derived TGF family signals. Follistatin modulates theof enamel formation on the labial side. These results
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Figure 7. Follistatin Integrates the Antago-
nistic Effects of Activin and BMPs on Ame-
loblast Differentiation
(A) Activin A, but not BMP4, induces follistatin
expression in the dental epithelium. E15 (a,
c, e) and E16 (b, d, f) lower incisors were
cultured with protein-releasing beads for 1
day. (b) and (d) are vibratome sections of
(b) and (d). Dashed lines in (b) and (d) mark
the levels of sectioning, and in (b) and (d)
the interface between dental epithelium and
mesenchyme. Activin A induced intense fol-
listatin expression around the beads (a, b, b).
No induction could be seen around BSA (c,
d, d) and BMP4 beads (e, f).
(B) Schematic representation of the molecu-
lar regulation of ameloblast differentiation in
the mouse incisors. Odontoblasts in the pa-
pilla mesenchyme express BMPs and induce
ameloblast differentiation in the epithelium as
indicated by the induction of p21 and ame-
loblastin. Activin from the dental follicle in-
duces follistatin in the dental epithelium. Fol-
listatin acts locally in the epithelium and
inhibits the activity of odontoblast-derived
BMPs. Follistatin is downregulated in the la-
bial epithelium allowing the terminal differen-
tiation of ameloblasts, whereas the lingual
epithelium continues to express follistatin.
Hence, the continuous expression of fol-
listatin in the lingual but not labial epithelium
accounts for the labial-lingual asymmetry of
enamel formation in mouse incisors.
actions of both activins and BMPs in many develop- transgenic mice seems to require a high level of trans-
gene expression. Since follistatin binds activin withmental processes. In the early Xenopus embryo, follistatin
acts as a neural and dorsalizing inducer by antagonizing higher affinity than BMPs (Iemura et al., 1998), inhibition
of activin activity would not need such high expressionthe functions of activin and BMPs (Hemmati-Brivanlou
et al., 1994; Iemura et al., 1998). During chick limb devel- of follistatin. Taking all these data together, we conclude
that follistatin inhibits ameloblast differentiation by an-opment, it prevents the ability of BMP7 to induce apo-
ptosis and muscle loss (Amthor et al., 2002). Follistatin tagonizing the activity of BMPs from the underlying
odontoblasts.also modulates the activities of activin and BMPs in
ectodermal organs, such as the patterning of mouse Since follistatin transcripts were confined to the ame-
loblast precursors, it is conceivable that follistatin func-molar tooth crowns and chick feathers, as well as devel-
opment and cycling of hairs (Wang et al., 2004; Patel et tions cell autonomously. This is in line with the molecular
mechanism of the action of follistatin since, unlike otheral., 1999; Jhaveri et al., 1998; Nakamura et al., 2003).
Our observations indicate that during amelogenesis of extracellular BMP inhibitors such as chordin and noggin,
follistatin does not limit the availability of BMP to itsthe mouse tooth, the targets of follistatin antagonism
are BMPs and not activin. First, BMPs but not activin receptors. Instead, follistatin forms a trimeric complex
together with BMP and its receptors at the cell surfaceinduced the expression of two ameloblast markers, p21
and ameloblastin, in the dental epithelium. Second, the and causes conformational changes of BMP proteins,
thus preventing receptor activation (Iemura et al., 1998).inductive effect of BMP was counteracted by the intro-
duction of follistatin, and third, the effect of BMP was The balance of inductive signals and their specific
antagonists constitutes a key mechanism in the pat-greatly reduced in the epithelium of follistatin-overex-
pressing mice. In addition, Bmps were expressed in the terning of embryonic tissues, and TGF superfamily sig-
nals and their inhibitors are expressed asymmetricallyincisors in the right location, i.e., in the odontoblasts,
whereas activin was mainly expressed in the dental folli- in various developing tissues (Smith, 1999). The asym-
metric inhibition of the TGF family protein nodal duringcle. Furthermore, the incisor phenotype in K14-follistatin
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axis formation in the early embryo exhibits interesting root sheath directing root and periodontal ligament for-
mation (unpublished observations). Hence, it is temptingsimilarities with our finding of BMP inhibition by fol-
listatin in the incisor. Nodal and its inhibitors lefty and to speculate that prevention of ameloblast terminal dif-
ferentiation may be a general mechanism for tooth at-charon show asymmetric expression in the node region,
and their antagonistic interactions are instrumental for tachment formation. This may be realized by an inhibi-
tion of the action of odontoblast-derived inductive BMPthe left-right patterning of vertebrate embryos (Schier,
2003; Hashimoto et al., 2004). Recent evidence indicates signals by follistatin expressed in ameloblast precur-
sors. In humans, periodontitis is a common dental dis-that asymmetrical inhibition of nodal activity by lefty and
cerl in the future anterior side of the mouse embryo ease very often leading to the loss of tooth attachment,
and the current regenerative treatments include the useregulates the formation of the anteroposterior axis (Ya-
mamoto et al., 2004). Earlier work from our laboratory of enamel matrix proteins (Hammarstrom et al., 1997).
Our studies have shed light on the molecular mecha-has indicated that follistatin and the BMP inhibitor ec-
todin regulate the patterning of the tooth cusps and nisms of the development of tooth attachment. Further
analysis on the role of follistatin during root formationcrown shape (Laurikkala et al., 2003; Wang et al., 2004).
Our present finding that follistatin regulates the labial- may contribute to the development of new therapeutic
methods for the regeneration of periodontal tissues inlingual patterning of enamel formation further empha-
sizes the importance of signal inhibitors in embryonic the clinic.
patterning and indicates that they are also involved in
the asymmetric cell differentiation during organogenesis. BMP4 Is a Major Inducer of Ameloblast
Differentiation and Enamel Formation
The terminal differentiation of ameloblasts has generallyFollistatin Is Responsible for the Formation
of Enamel-free Areas in Mouse been attributed to signals secreted by odontoblasts and
trapped in predentin-dentin matrix (Thesleff and Hur-Incisors and Molars
A striking observation in follistatin knockout mouse inci- merinta, 1981; Karcher-Djuricic et al., 1985), but the ac-
tual signals inducing ameloblast differentiation in vivosors was the differentiation of functional ameloblasts
on the lingual enamel-free surface. This indicates that have until now not been identified. In this study, we
provide direct evidence that BMPs, in particular BMP4the loss of the competence of lingual dental epithelium
to differentiate into ameloblasts, as demonstrated ear- from the odontoblasts, induce ameloblast differentia-
tion. We showed that BMP-releasing beads inducedlier in tissue recombination studies (Amar et al., 1989),
is due to the continuous expression of follistatin. The strongly ameloblastin expression in cultured incisors
and that noggin-releasing beads dramatically inhibitedobservation that follistatin is intensely expressed also
in the epithelia lining the enamel-free areas of molar ameloblast differentiation. The comparison of BMP ex-
pression between the labial and lingual aspects ofcrowns suggests that this mechanism is used more gen-
erally. Localized enamel-free areas are present also in mouse incisors demonstrated that Bmp2, Bmp4, and
Bmp7 were all expressed by odontoblasts underlyingthe continuously growing molars of voles, and they are
conceivably required for the attachment of the teeth to the labial-side dental epithelium, but only Bmp4 was
expressed also on the lingual side. We propose thatthe jawbone (Tummers and Thesleff, 2003). There are
also examples of teeth that are not covered by enamel BMP4 is the major inducer of ameloblast differentiation
in vivo and that BMP2 and BMP7 may compensate forat all, such as elephant incisors (tusks) and sloth teeth.
Previous studies have demonstrated that the dental epi- its function on the labial side. The analysis of the conse-
quences of disrupted BMP4 function on the ameloblastthelium in the enamel-free area secretes on the dentin
surface and between the epithelial cells some extracel- differentiation using mutant mice has been hampered
by the early lethality of Bmp4 knockout mice and alsolular matrix, which contains a mixture of enamel- and
cementum-related proteins (Nakamura et al., 1991; Bos- by the requirement of Bmp4 for the initiation and early
morphogenesis of teeth, in particular for the bud-to-capshardt and Nanci, 1997). The structure of the enamel-
free tooth surfaces resembles morphologically the sur- stage transition (Winnier et al., 1995; Bei et al., 2000).
Future analysis on conditional Bmp4 inactivation duringfaces of roots, and there is also evidence that the dental
epithelial cells directing root development, i.e., Hert- later stages of tooth development will help to clarify
this point.wig’s epithelial root sheath cells, deposit some enamel-
related proteins on the root surface (Slavkin et al., 1989; Loss of ameloblasts and lack on enamel formation
resembling the phenotype of our K14-follistatin miceBosshardt and Nanci, 2004). These proteins have been
proposed to facilitate the attachment of cementum to were recently reported in transgenic mice overexpress-
ing Wnt3 or ectodysplasin (Eda) under the K14 promoterthe root dentine or to induce the differentiation of dental
follicle cells into cementoblasts (Hammarstrom et al., (Millar et al., 2003; Mustonen et al., 2003). The possible
links between BMP, Wnt, and Eda-edar pathways in1997). It appears that the dental epithelia in the enamel-
free areas as well as Hertwig’s epithelial root sheath are ameloblast differentiation remain to be demonstrated in
the future. Inherited defects in enamel formation, calledrelated to the attachment of teeth to the bone.
Recent data from our laboratory have indicated that amelogenesis imperfecta (AI), are caused by mutations
in several ameloblast-derived proteins such as ame-the decision during tooth development whether to form
a root or crown is closely associated with the choice of logenin, enamelin, enamelysin, and ameloblastin in both
humans and mice (Aldred et al., 1992; Rajpar et al., 2001;the pathway of dental epithelial cell differentiation, i.e.,
whether ameloblasts differentiate terminally and form Caterina et al., 2002; Paine et al., 2003). In humans,
mutations in regulatory proteins have so far not beenenamel or whether the cells form Hertwig’s epithelial
Developmental Cell
728
amplified a 152 bp fragment in wild-type and heterozygous lit-identified as causes of AI, but since enamel defects
termates; and 5-GGTGGGAAATGTCACCTGAT-3 and 5-CGGTGare often seen in malformation syndromes affecting a
GATGTGGAATGTGT-3, which amplified a 262 bp fragment in homo-variety of other organs such as limbs, bones, and ecto-
zygous and heterozygous littermates. In this mouse line, the mice
dermal appendages, it is conceivable that commonly are born at E18.5.
used regulatory pathways may be affected. Our results The generation of K14-follistatin mice has been described pre-
viously. In the skin of this transgenic mouse line, the levels of fol-suggest that mutations in components of the BMP path-
listatin mRNA were 8-fold higher than the endogenous levels (Wan-way may account for some AI cases.
kell et al., 2001). K14-follistatin mice with B6D2F1 background were
bred with C57BL/6 mice to yield a fresh breeding colony. The primers
for genotyping were 5-GGATCCTGAGAACTTCAGGGTGAG-3 andFollistatin Regulates Ameloblast Differentiation
5-CAGCACAATAACCAGCACGTTGCC-3, which amplify a 700 bpby Integrating the Antagonistic Effects
fragment of the rabbit -globin intron in the transgene construct. In
of Activin from Dental Follicle parallel, we amplified a 250 bp fragment of the myogenin gene as
and BMP4 from Odontoblasts a positive control using 5-TTACGTCCATCGTGGACAGA-3 and 5-
Our present study has revealed a function for the dental TGGGCTGGGTGTTAGTCTTA-3.
The day of vaginal plug was taken as E0. Embryonic heads werefollicle as a regulator of ameloblast differentiation. We
dissected, fixed in 4% paraformadehyde (PFA), paraffin embedded,showed that follistatin expression was induced by ac-
and serially sectioned at 7m. Postnatal mouse heads were decalci-tivin A but not by BMPs and that activin A expression
fied with 12.5% EDTA containing 2.5% PFA for 2 weeks (solution
was confined to the dental follicle located outside the changed twice a week) after fixation. Undecalcified ground sections
dental epithelium. The follicle cells are derived from the were cut sagittally from mandibular incisors. The mandibles were
early dental mesenchyme, and they give rise to peri- dehydrated in serial ethanol and kept in methylmetacrylate for 4
days, benzylperoxidase catalyst was added (20 mg/ml), and sam-odontal fibers connecting the surface of the roots and
ples were kept in glass vials at 30C until solidity and ground sec-root-analog surfaces of teeth to the jawbone. Interac-
tioned at 100 m.tions where the dental epithelium regulates dental folli-
cle function have been demonstrated earlier (Philbrick Tissue Culture
et al., 1998), but our study shows that the dental follicle Incisors were dissected from staged embryos and cultured on
also regulates the function of dental epithelium. The Nuclepore filters at 37C using a Trowell type culture system (Wang
et al., 2004). Affi-Gel agarose beads (BioRad) were incubated inactivin A null mutant mice have not been informative
Activin A (100 ng/l; R&D), BMP2, BMP4, and BMP7 (100 ng/l;concerning the role of activin in the dental cell differenti-
kind gifts from J. Wozney, Wyeth, Cambridge, MA), and bovineation because their incisors and mandibular molars fail
serum albumin (BSA, 1 g/l; Sigma). About 50 beads were selected
to develop beyond bud stage (Ferguson et al., 1998). A and washed with PBS, air dried, and soaked in 5 l of growth factor
full understanding of the role of activin in the dental at 37C for 45 min. Heparin acrylic beads (Sigma, St. Louis, MO)
follicle during amelogenesis will require conditional de- were incubated in Follistatin (500 ng/l; R&D, 669-FO). After cultur-
ing in vitro for 20–24 hr, explants were treated with cold 100%letion of its activity. Activin A was expressed in the
methanol for 2 min, fixed in 4% PFA overnight, and processed fordental follicle on both labial and lingual sides and corre-
whole-mount in situ hybridization as described earlier (Wang etsponded to follistatin expression in the dental epithelium
al., 2004).
during early stages. When ameloblast differentiation
started, follistatin, but not activin A, was downregu- In Situ Hybridization and Immunohistochemistry
Radioactive in situ hybridization for paraffin sections was performedlated on the labial side. The mechanism of the follistatin
as described previously (Wang et al., 2004). The probes were murinedownregulation remains unknown. However, the lack
activin A, Bmp2, Bmp4, Bmp7, p21, and follistatin (full-length).of follistatin allowed BMP signals from the underlying
Murine MMP-20, DSPP, and rat ameloblastin plasmids were kindodontoblasts to induce terminal differentiation of ame- gifts from Jan C. Hu (University of Texas School of Dentistry), Ta-
loblasts on the labial side of the incisor. kashi Yamashiro (Okayama University, Japan), and Rena D’Souza
In summary, we have uncovered a role for follistatin (University of Texas Health Science Center). The images were digi-
tized with Olympus AX70 and further manipulated with Adobe Pho-in the interplay between three dental tissue layers where
toshop 4. The dark-field images were inverted, artificially stainedthe differentiation of epithelial cells is antagonistically
with red color, and combined with the bright-field images. The inter-regulated by two mesenchymal cell lineages located on
face between dental epithelium and mesenchyme was outlined with
opposite sides of the epithelium (Figure 7B). The positive yellow lines. Indirect immunostaining was performed as described
signals for enamel formation in the form of BMP4 come earlier (Wang et al., 2004). The rabbit anti-human amelogenin anti-
from the dental papilla-derived odontoblasts, whereas body (1:500) was a kind gift from Janet Moradian-Oldak (University
of Southern California, Los Angeles).the inhibitory signal, activin A, originates in the dental
follicle on the other side of the epithelial sheet and in-
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